¤ ¤ Purpose: To evaluate national outcomes after endovascular and open surgical repair of ruptured abdominal aortic aneurysms (rAAA). Methods: The Nationwide Inpatient Sample was interrogated to identify all repairs between 2000 and 2005 for rAAA based on ICD-9 codes. In the study period, 2323 patients (1794 men; median age 75 years, range 45-98) with rAAAs had endovascular repair, while 26,106 patients (20,311 men; median age 73 years, range 22-99) had an open procedure. Outcomes included in-hospital mortality, length of stay (LOS), complications, and hospitalization charge. A secondary analysis was performed to compare outcomes from low-, medium-, and high-volume institutions based on annual rAAA repair volume. Results: Patients in the endovascular group were significantly older (p,0.05). Mortality was 41% overall: 33% and 41% for endovascular versus open repair, respectively (p,0.001). Mortality after endovascular repair was lower than open surgery for patients $70 years (36% versus 47%, p,0.001), but not for those ,70 years (24% versus 30%, p50.15). LOS was shorter after endovascular repair (7 versus 9 days, p,0.001). Respiratory complications (8% versus 4%, p,0.05) and acute renal failure were more common following open repair (30% versus 23%, p,0.01). Costs were similar (endo $73,590 versus open $67,287, p50.15). Mortality decreased as hospital surgical volume increased (low 44%, medium 39%, high 38%; p,0.001). Over time, endovascular repair utilization increased more rapidly at high-volume centers, and a lower mortality was seen with endovascular repair at high-volume compared to low-volume hospitals (22% versus 44%, p,0.001). Multivariate predictors of mortality were age, female gender, lower hospital surgical volume, open repair, and year of surgery. Conclusion: This population-based study found that mortality associated with rAAAs may be improved by the performance of endovascular repair, especially in older patients. Mortality after rAAA for both endovascular and open repairs was also lower at highvolume institutions.
Key words: abdominal aortic aneurysm, ruptured aneurysm, endovascular aneurysm repair, open surgery, mortality, outcome analysis, population-based outcomes ¤ ¤ Hospital mortality rates for ruptured abdominal aortic aneurysms (rAAA) underestimate overall death rates since a considerable number of patients die of free rupture before presenting to a hospital. 1 Among patients See commentary page 565 presenting acutely to hospitals, mortality remains quite high despite rapid surgical intervention. For the past 4 decades, there seems to have been little progress in the outcomes of emergently repaired rAAAs, with inpatient mortality remaining at 40% and 60%. 2 The gold standard for this repair has long been an open surgical approach. However, recently, the less invasive technique of stent-graft repair has been gaining favor with surgeons worldwide.
Endovascular aneurysm repair (EVAR) for intact AAA was brought to worldwide notice by Parodi et al. 3 in the early 1990s. The procedure, initially held to be best utilized for poor surgical candidates, has now achieved widespread use, reducing hospital and intensive care unit (ICU) stays, early complications, and early mortality. [4] [5] [6] [7] [8] Randomized control trials have documented a reduction in perioperative mortality compared with conventional open repair. [4] [5] [6] In follow-up over 1 to 4 years, other studies have shown that late survival is similar, however. 5, 8, 9 The earliest endovascular repair for ruptured AAA (rEVAR), which was reported in 1994, 10 demonstrated the feasibility of the procedure; 5 years later, Ohki et al. 11 published a series of 12 patients. The growth of the rEVAR technique, however, has lagged far behind that of its non-emergent counterpart given the vast requirements for technical expertise, facility specialization in endovascular interventions, large inventory, device specifications, anatomical requirements, and the need for reasonable hemodynamic stability for appropriate preoperative imaging. Retrospective series revealed that there could be an advantage to rEVAR, 12, 13 with early mortality rates of 8% to 40%. Single-center prospective trials and one multicenter trial have shown a potential benefit for rEVAR [14] [15] [16] [17] [18] [19] [20] [21] ; however, due to small patient numbers, statistical significance has rarely been shown. Additionally, because of the technical requirements of the procedure, the impact of annual volume on outcomes of rAAA repairs is an important factor that cannot be assessed by single institutional series. It has been shown that there is a significant relationship between higher surgeon and hospital volume and improved patient outcomes after open surgical repair for rAAA. 22, 23 Holt et al., 24 however, found that there was no significant relationship between volume and outcome for rAAA repair in the UK. Existing data, which includes rEVAR as well as open repair, shows conflicting results and is limited by early experience, small numbers, and variation in the volume criteria used. [24] [25] [26] To further expand on this work, the current study utilized the Nationwide Inpatient Sample (NIS) in order to analyze national outcomes for in-hospital mortality rates after repair of rAAAs and to assess the impact of procedural volume specifically in the setting of aneurysm rupture.
METHODS
The NIS is a database maintained through the Healthcare Cost and Utilization Project that captures ,20% of non-federal hospitalizations from 38 states in a stratified sample that reflects ,90% of all hospitalizations within the US. Data from the NIS has been used extensively in medical research to provide population outcome analyses in a variety of healthcare topics; as it represents an all-payer sample, the NIS is one of the largest and most comprehensive datasets available. Contributing hospitals provide 100% of their discharges, which allows the NIS to be used for volume-outcome calculations as well as population comparisons. 27 Clinical data were extracted from the NIS database using diagnosis and procedure codes from the International Classification of Diseases (ICD), 9th Revision, Clinical Modification system codes. Codes 441. 3 After identification of the sample, diagnosis codes were revisited to identify comorbid conditions and complications experienced by ICD-9 coding (Appendix). A Charlson comorbidity score 28 based upon the Romano modification 29 was calculated for each patient from comorbidity data. Age, gender, and race were also recorded as demographic variables. Outcomes assessed included in-hospital mortality, complications, other procedures, length of stay, and hospitalization cost.
Hospital volume for performance of rAAA repair was determined by identifying each respective hospital associated with a repair. All rAAA repairs were accordingly assigned to a hospital volume tertile: low (LVH; 1 to 3 procedures per annum), medium (MVH; 4 to 6 per annum), or high (HVH; 7 to 25). Comparisons among hospital volume tertiles were then made for repair type, patient demographics, and patient outcomes.
Statistical Analysis
Database queries were conducted with SAS (version 9.1; SAS Institute, Cary, NC, USA), and all statistical analyses were performed using STATA statistical software (Release 8.2; StataCorp LP, College Station, TX, USA).
Comparisons between repair types were tested using Wilcoxon rank-sum tests for continuous measures and chi-square tests for categorical variables. Comparisons among hospital procedure volumes were performed using Kruskal-Wallis rank and chi-square tests. A chi-square test of trends in odds was performed to analyze change over time. Univariate logistic regression was used to assess significance of predictive variables for mortality. Multivariate logistic regression analysis was performed by backwards selection of variables obtaining significance at the p,0.1 level on univariate analysis. Statistical significance was determined by p,0.05.
RESULTS

Endovascular Versus Open rAAA Repair
The endovascular group was older than the open group by a median of 2 years (p,0.05), with a higher proportion of octogenarians (Table 1 ). Gender and race were equivalent. There were significantly higher proportions of patients with hypertension, coronary artery disease, and prior myocardial infarction in the endovascular repair group, while all other comorbidities were similar. The Romano/ Charlson comorbidity index score was similar for both methods as well.
Endovascular repair for rAAA increased over time. In 2000, ,1% of repairs were done with the endovascular technique; by 2005, 15.5% of cases were performed with an endovascular method (p,0.001; Fig. 1 ).
Overall mortality after rAAA repair was 40.8%. Over the entire time period, mortality after endovascular repair was 32.6% and 41.5% after open repair (p,0.001; Table 2) . Mortality after open repair changed little over the observation period, while mortality after endovascular repair decreased steadily from 50% to 28% (p,0.05; Fig. 2 ).
Mortality increased with age for both endovascular and open repair ( Table 2) . For patients 70 years and older, overall mortality was 46.2% and was significantly lower with endovascular (36.3%) versus open repair (47%, p,0.001). For patients under 70 years, the difference was not significant (24% versus 30%, p50.15).
Endovascular repair was associated with a shorter LOS (7 versus 9 days, p,0.001; Table 2 ). Among the survivors, median LOS was also shorter after endovascular repair (9 versus 12 days, p,0.001) and a significantly greater proportion of patients were discharged to home rather than a rehabilitation or short-term care facility (71% versus 56%, p,0.001). Patients undergoing endovascular repair had fewer overall complications (52% versus 60%, p,0.001); specifically, they had fewer respiratory complications (4% versus 8%, p,0.01) and episodes of acute renal failure (23% versus 30%, p,0.05). Cardiac, gastrointestinal, mesenteric ischemic, peripheral vascular, and neurological complications were similar. The incidences of concurrent or subsequent procedures within the hospitalization were similar between repair methods. Median hospital charges were similar ($73,590 rEVAR versus $67,287 open; p50.15).
Hospital rAAA Surgical Volume
As can be seen in Table 3 , there was a slightly higher overall proportion of endovas-¤ ¤ 
¤ ¤
Continuous data are presented as median (range); categorical data are given as counts (percentages). CAD: coronary artery disease, MI: myocardial infarction, CHF: congestive heart failure, COPD: chronic obstructive pulmonary disease. cular repairs performed at higher-volume centers (LVH 7.0%, MVH 8.0%, HVH 9.8%; p50.11). Over time, the proportion of endovascular repairs increased more at highvolume centers than at low-volume centers (p,0.001; Fig. 3 ). In 2005, 22.5% of rAAA repairs at high-volume centers were done by endovascular means versus 10.5% at medium-and 15.3% at low-volume centers (p50.08). Age, gender, and race were comparable across volume categories, as were comorbid conditions. Mortality decreased as rAAA surgical volume increased (Table 3) , which was true for overall mortality (HVH 38% versus LVH 44%, p,0.001) as well as for both endovascular and open repair mortality rates. The difference was most prominent among endovascular repairs: high-volume centers had half the mortality of low-volume centers (22% versus 44%, p,0.001), but the difference was also significant for open repair (39% versus 44%, p,0.01).
Additionally, endovascular repair mortality from 2000 to 2005 within high-volume centers decreased significantly from 35% to 14% (p,0.05; Fig. 4A ). No significant endovascular p50.17; Fig. 4B ). Complications overall were similar regardless of volume. LOS and hospitalization costs both increased as rAAA surgical volume increased.
Predictors of Mortality
Multivariate predictors of mortality were open surgical repair, low surgical volume hospitals, older age, female gender, and earlier year of procedure (Table 4 ). Open repair conferred a 50% increased risk of mortality, while treatment at a low-volume center (versus medium or high) was associated with a 30% increased risk. The largest mortality predictor was older age, with octogenarians having a 4-fold increased risk, while septuagenarians had a .2-fold increased risk.
DISCUSSION
This analysis shows that in the US, endovascular repair for rAAA is associated with a lower mortality compared to open repair. In addition, the rEVAR mortality rate has been decreasing over time, while open repair mortality has remained stable. The use of rEVAR has increased over time in centers that see a high volume of rupture cases, adopting the repair method more rapidly than lower volume centers. These higher volume centers have a significantly improved mortality for all repairs and, notably, half of the rEVAR mortality of low-volume centers. High-volume centers additionally have shown significant decreases in mortality over time from 2000 to 2005 for both methods of repair.
Institutional studies have demonstrated the feasibility of emergent endovascular repair programs for rAAA, with mortality rates ranging from 8% to 40% for rEVAR and 12% to 46% for all rAAA repairs after program initiation (compared to the current study of 33% rEVAR and 41% overall). [14] [15] [16] [17] [19] [20] [21] In these programs, the proportion of rEVAR versus open repair range from 27% to 75%, with most around 50%. Success rates for rEVAR completion were all cited as above 90%. Mehta et al. 20 treated 85 patients with rAAA after establishment of an emergency protocol in 2002; they successfully performed rEVAR in 40 patients with a mortality of 18%. These excellent results are supported by our finding of a difference in mortality at highversus low-volume centers and a 22% rEVAR mortality at the high-volume centers in 2005. It is significant to note that mortality with rEVAR showed continued improvement over time only in high-volume centers. Interestingly, open repair mortality is decreasing as well in this group. Development of rEVAR protocols may benefit all types of repairs as awareness and response to the arrival of a ruptured aneurysm patient is streamlined. Although experience of the higher volume hospitals may be increasing, leading to improved outcomes with both procedures, it could be that more regionalization of services would increase transit times, resulting in more deaths prior to operation.
Recent meta-analyses have cited overall lower mortality with rEVAR, but they also point to the pitfalls of publication bias. [30] [31] [32] Rayt et al. 31 reviewed studies with cohorts ranging from 5 to 56, with one study of 290 patients. A 25% overall mortality for rEVAR was found; however, an assessment for publication bias proved that only rEVAR studies with good and exceptionally good outcomes are reported. 31 Sadat et al. 32 analyzed 730 patients from various studies and showed a decreased odds ratio of 0.6 for mortality after rEVAR, with lower ICU and hospital stays.
Administrative databases have also been used to examine the differences between open and endovascular repair for rAAA. 22, 25 Greco et al. 25 examined the databases of 4 large states from 2000 to 2003 and found, even in those earlier years, that mortality in 290 rEVAR patients was lower than in 5508 open repair patients (39% versus 48%, p,0.005). As rEVAR is more widely utilized, it is likely that more complex aneurysms and hemodynamically unstable patients are being repaired, thus the current finding that mortality is still decreasing for rEVAR is even more notable.
Similar to our data, Greco et al. 25 also found a hospital volume trend when both elective and ruptured aneurysm repairs were included in the calculations; they documented a 20% difference in absolute mortality for rEVAR between high-and low-volume hospitals (cutoff .100 elective and ruptured EVARs annually).
Procedural volume has been shown previously to have an impact on outcome for open elective AAA and rAAA repair. Dimick et al. 22 found improved mortality in high-volume centers after open intact and ruptured AAA repair in the NIS population from 1996 and 1997, while Dardik et al. 33 demonstrated improved open rAAA repair mortality in Maryland for surgeons performing a high volume of rAAA repairs but not elective procedures. The meta-analysis by Holt et al. 26 also indicated that patients with both nonruptured and ruptured aneurysms had improved mortality in high-volume centers; however, the studies differed with respect to volume definitions. These findings have been used to argue for the regionalization of AAA repair; the current study lends more evidence in support of this for endovascular as well as open repairs for rAAA.
Differences in hemodynamic stability cannot be assessed using the current dataset, and this is something that must be considered in the decision to transfer to higher volume centers and may limit the ability to perform EVAR in centers with limited experience. In a recent retrospective institutional review, Lee et al. 34 identified a selection bias ¤ ¤ in that hemodynamically unstable patients tended to undergo open repair even when potentially anatomically suitable for rEVAR; however, their use of rEVAR (32%) was lower than in most other reports from programs with emergency protocols. As experience increases, hemodynamic stability may not factor into repair method as much or else may push the choice toward rEVAR for unstable patients as access and balloon occlusion are rapidly attained to stop hemorrhage. Given prior volume-outcome relationships for elective AAA repair, high-volume centers may be the first line for elective and semi-elective (symptomatic) AAAs, which may influence the distribution of rAAA admissions among medical centers as well.
Limitations
Length of stay, hospital cost, and complications are likely influenced by a greater survival within high-volume centers; therefore, conclusions from these outcomes should be considered within this context.
Other limitations of this study are those inherent to studies using administrative datasets. There could be coding variability among institutions, limiting the ability to accurately identify comorbid conditions and complications. The standardization of the ICD-9 coding system helps to minimize this; however, the dataset represents only what is recorded in discharge information. The ICD-9 coding system does not differentiate between ruptured and symptomatic AAAs. Likewise, the proportions of free versus contained ruptures are unknown. Related to this and mentioned above is the fact that differences in patient hemodynamic stability, as well as any potential differences in anatomical characteristics, are unknown.
We also are limited by the fact that we cannot longitudinally follow the sample and assess longitudinal outcome. As we have learned from the data on intact AAA repairs, the long-term durability of endovascular repairs may be different than open repair and result in more late AAA-related complications, although open repair is associated with more laparotomy-related complications. 5, 8, 9 It will be important to follow patients undergoing rEVAR to assess longterm outcomes as compared to open repair.
Conclusion
This study lends support for the use of EVAR for ruptured aneurysms, showing that in a national population, overall mortality is lower than with open repair. Additionally, because of lower mortality rates in higher volume hospitals for both types of repairs and a very large difference in endovascular outcomes, regionalization of referrals of ruptured AAA patients to high-volume centers preferentially may improve overall national outcomes. Based upon prior institutional studies and further supported by large database analyses such as this, it is reasonable for hospitals with adequate rEVAR experience to adopt a rEVAR-first strategy for ruptured aneurysms when conditions allow.
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